As genome-editing technology evolves, so does our understanding of the unintended alterations it produces, both in form and frequency. Several sequencing-based methods have been developed to screen for off-target errors (GUIDE-Seq 1 , SITE-Seq 2 , CIRCLE-Seq 3 , DISCOVER-Seq 4 ), while long-read sequencing of the target site can be used to detect on-target errors 5 . Each screening approach carries assumptions and biases that may allow alterations of unexpected types to go undetected. Recent examples of previously unexpected alterations include complex genomic rearrangements at or near the target site in mammalian genome-editing experiments 5, 6 . The complex rearrangements included insertions, deletions, inversions and translocations that were difficult to detect by standard PCR and DNA sequencing methods.
In this study, we analyzed publicly available whole-genome sequencing data 7 from two genome-edited calves for previously undetected on-target errors (Methods). The calves were genome-edited 7 using transcription activator-like effector nucleases and a repair template for homology-directed repair 8 , to introduce the Celtic polled allele (P c ), a variant that produces the hornlessness (polled) trait in cattle. The P c variant, common in some cattle breeds 9 , is a 212-base pair (bp) duplication in place of a 10-bp sequence in an intergenic region on chromosome 1 (chr1: 2,429,000-2,429,500; bosTau9). The variant follows an autosomal dominant inheritance, but the mechanism underlying the association with polled trait is unknown.
Given that the repair template plasmid was delivered in the pCR2.1-TOPO plasmid ( Fig. 1a ), we included the plasmid backbone sequence in our comparison of the sequencing reads to the bovine reference genome. In our analysis, we discovered the presence of the full-length plasmid backbone in both genome-edited calves ( Supplementary Fig. 1 ). Although one allele contained the intended edit, identical to the naturally occurring P c variant ( Fig. 1b ), close inspection revealed integration of the plasmid and a second copy of the repair template sequence at the target site in the other allele in both calves (Fig. 1c ). The plasmid-containing allele (denoted P c *) was found to have been inserted continuous with the template ends, producing a duplication of the template and two novel bovine-plasmid junctions ( Supplementary Fig. 2 ). No offtarget insertions of the plasmid or the template were detected.
Previously no template plasmid integration was detected 7 . Probable reasons include noninclusion of the plasmid backbone in the sequence alignment, elevated noise at the target locus, limited signal of the sequencing data and PCR conditions insensitive to detection of integrations. The elevated noise in sequencing data was due to the complex sequence context that obscured the integration:
(1) the P c variant itself is a duplication of the reference sequence (HORNED allele) in place of a 10-bp sequence; and (2) the target locus is highly repetitive, potentially masking rearrangements. Our analysis was not hampered by the same issues because we included the plasmid backbone in the sequence alignment, which resulted in reads aligning to the plasmid sequence. The signal is limited by the sequencing depth of 20 reads for each DNA base, on average. In an ideal scenario, heterozygosity would result in ten reads identifying the plasmid insertion but, given that the plasmid DNA sequence is not in the reference genome, the plasmid reads would remain unmapped. Template plasmid integration was also not detected by PCR genotyping 7 due to the following factors: (1) the expected PCR amplicons, correctly sized for the P c variant (212-bp duplication in place of a 10-bp sequence), were produced; (2) the primers were not designed to amplify the plasmid; (3) the amplicons produced by template plasmid integration were prohibitively large; and (4) the qualitative nature of the assay was insensitive to the increased number of template copies (Methods, Supplementary Fig. 3 and Supplementary Table 1 ).
Next, we performed a literature search of template plasmid integration at the target site in genome-editing experiments, to determine the prevalence of this class of unintended alterations. We found that, although there are reports of this, template plasmid integration is often not a major finding and thus we suspect that integration errors are either under-reported or overlooked. Template plasmid integration events are known to occur with zinc finger nucleases at both target and off-target sites in human cells 10, 11 and with CRISPR-Cas9 in Caenorhabditis elegans 12 , zebrafish 13 and mice 14 .
Our discovery highlights a potential blind spot in standard genome-editing screening methods. In light of our finding, we propose modifications to current screening methods to enable detection of plasmid integration and integration of multiple template copies. The alignment of sequencing data should include both the reference genome and plasmid sequences. PCR genotyping should incorporate plasmid-specific primers. Methods used to detect increased copies of the template and unintended integration of the template plasmid include long-range PCR conditions, quantitative PCR (for example, digital droplet PCR), Southern blot and long-read sequencing (for example, Oxford Nanopore or PacBio). The application of suitable screening methods will provide a more precise measure of the prevalence of template plasmid integration events and drive improvements to genome editing. 7 generated the calves using a transcription activator-like effector nuclease-mediated (TALEN) genome-editing procedure previously performed in vitro by Tan et al. 8 . For each calf, an unedited fibroblast cell line was transfected with Fok1 nuclease messenger RNA and a repair template plasmid. The template plasmid was constructed through insertion of the P c -containing DNA template (1,594 bp) in plasmid pCR2.1 (Life Technologies) at the TOPO insertion site (294-bp position). The template was in an inverted orientation to the plasmid (Fig. 1b) . The edited cell lines were cloned using somatic cell nuclear transfer and the resulting offspring were then genotypically and phenotypically characterized 7 . Homozygous integration of the P c allele was confirmed by PCR genotyping 7 (Supplementary Fig. 3 ). The polled phenotype was confirmed by the absence of horn buds on palpation. Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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